We observe dipole resonances in thin conductive carbon micro-fibers by detecting an enhanced electric field in the near-field of a single fiber at terahertz (THz) frequencies. Time-domain analysis of the electric field shows that each fiber sustains resonant current oscillations at the frequency defined by the fiber's length. Strong dependence of the observed resonance frequency and degree of field enhancement on the fibers' conductive properties enable direct non-contact probing of the THz conductivity in single carbon micro-fibers. We find the conductivity of the fibers to be within the range of 1-5 Â 10 4 S/m. This approach is suitable for experimental characterization of individual doped semiconductor resonators for THz metamaterials and devices. Resonant plasmonic response of micro-scale structures made of doped semiconductors at terahertz (THz) frequencies enables tunable light-matter interaction required for efficient THz devices. A semiconductor micro-resonator, for instance, can be used as a tunable antenna for THz sensing and detection. [1] [2] [3] Arranged in a periodic array, such antennas offer promising solutions for tunable THz metamaterials with frequency-selective transmission and absorption. [4] [5] [6] [7] At the heart of the tunable THz, response is the dependence of the resonance properties of semiconductor microstructures on their plasma frequency and charge carrier scattering rate. These parameters are tunable via electronic, thermal, and chemical mechanisms within the THz and mid-IR frequency ranges. They are also influenced by fabrication processes and handling conditions. Experimental methods for THz conductivity characterization are therefore required for verifying theoretical models of semiconductor microstructures (including periodic arrays of graphene ribbons or randomly distributed carbon nanotubes and micro-fibers) and for the development of tunable THz devices.
The two most common experimental techniques for characterizing nano-and micro-particles at THz frequencies rely on models of their collective response. The first approach consists in measuring THz transmission or reflection in composites containing multiple resonators. [8] [9] [10] Extracting the properties of individual resonators from such measurements requires knowledge of their shape, dimensions, volume fraction, and degree of clusterization. It is common to use effective media approximations, such as the Maxwell-Garnett mixing rule, to describe composites with subwavelength inclusions. 11 However, this approach is not applicable to composites with inhomogeneous, resonant, or irregularily shaped inclusions, 11, 12 in particular, those with sizes comparable to the relevant wavelength. In the second approach, micro-resonators are analyzed by measuring THz transmission or reflection of metasurfaces containing their periodic or aperiodic arrays. 1, 3 However, the collective response of a metasurface is defined by both the response of individual elements and the interaction between them. Moreover, each of the resonant elements may have different conductivity or size giving rise to a broader collective resonance. Local carrier density in semiconductors has been probed using tip-enhanced spectroscopy in the THz and infrared ranges. 13, 14 Observation and characterization of plasmonics excitations using this method for individual THz resonators have not been reported yet. It is thus important to have a technique for direct experimental characterization of single resonant micro-particles at THz frequencies.
In this letter, we report on an experimental method for non-contact probing of THz conductivity in individual conductive micro-resonators. We studied single carbon microfibers (CMFs), with lengths varying between 50 and 150 lm, using near-field time-domain THz spectroscopy. 15, 16 For each fiber, we observe an electric dipole resonance in the THz range. At the resonance frequency, specific for each CMF, the electric field in the near-field zone of the fiber is enhanced. Time-domain analysis allows us to attribute the enhancement to standing waves, or plasmonic resonances, induced in the CMFs by incident THz pulses. The degree of field enhancement, as well as the resonance frequency, for a 0003-6951/2015/107(2)/021102/4 V C Author(s) 2015 107, 021102-1 APPLIED PHYSICS LETTERS 107, 021102 (2015) conductive fiber depends primarily on the material's conductivity. It allows us to experimentally evaluate the conductivity of a single CMF through studying the properties of its resonant response. To do so, we compare the measured resonance frequency and enhancement factor with those computed using full-wave numerical modelling. The THz conductivity of the CMFs is similar to that of doped semiconductors, suggesting that the method can be applied to a broad range of THz plasmonic resonators.
A CMF (Figs. 1(a) and 1(b)) is a cylindrical particle with a 7 lm diameter and a length of the order of tens of lm, produced from carbon fibers by micro-milling (supplied by STC of Applied Nanotechnologies). It contains 98% carbon basis and its crystal structure resembles that of graphite with conductive planes oriented along the fiber axis. 17, 18 Depending on specific fabrication techniques, the DC resistivity of similar unmilled carbon fibers is of the order of 10 lX m (Ref. 17 ) and is strongly temperature-dependent. 19 The plasma frequency of graphite in the conductive plane is within the range of 0.17-0.83 eV, 20, 21 which is significantly above the THz region and corresponds to carrier density on the order of 10 18 cm À3 .
In our experimental method, a single CMF is exposed to a broadband THz pulse and the sample's response is detected in the fiber's near-field zone through a subwavelength square aperture (10 Â 10 lm 2 ) in a metallic screen. In the vicinity of the CMF dipole, resonant currents induce quasi-static enhanced fields oscillating at the frequency determined by the fiber's length. 22, 23 The field couples through the subwavelength aperture allowing the photoconductive THz detector 15 to record the resonant response. This technique was recently used to study THz Mie resonances in dielectric micro-spheres. 24 The incident pulse spectrum in our experiment (0.5-2.5 THz) covers the fundamental dipole resonances for CMFs with lengths ranging from %50 to %300 lm, which is roughly equal to k=2 (half-wavelength in free space).
Although the proximity of the samples to the metallic screen of the probe surface introduces a ground plane effect, known to deteriorate the radiative efficiency of dipoles, 22 the near-field response of CMFs nevertheless remains resonant. In the frequency domain, the spectrum of the detected field produces a pronounced peak at the resonance frequency specific to each CMF.
CMF samples are manually attached to 12:5 lm-thick low-density polyethylene (LDPE) substrates. The fiber axis is oriented along the polarization (x-axis) of the THz pulses generated by optical rectification in a ZnTe crystal. The experiments are performed at a temperature of 2261 C. image in Fig. 2(d) is recorded at 3.5 ps time delay, when the field of the resonant standing wave is at its maximum and is distinctly different from the field detected in the absence of the sample. The detected field is proportional to the gradient dE z dx of the field induced between the CMF and the ground plane 25 (see inset in Fig. 2(e) ). Figure 2 (e) shows the spectral response of the CMF with the resonance peak matching the THz dipole resonance. In the vicinity of the resonant frequency, the spectrum follows a Lorentzian line shape and can be described by two parameters: the resonance frequency f r and the peak amplitude (normalized to the reference spectrum, Eðf r Þ=E 0 ðf r Þ). For simplicity, let us denominate the latter as the enhancement factor (EF). Our approach to finding the CMF's conductivity is through measuring its EF. Similar to its effect on scattering and absorption cross-sections of a dipole in the far field, the dipole's conductivity defines the intensity of induced resonant currents and, consequently, the strength of the fields in the immediate proximity to the CMF.
The observed response of a micro-resonator with a certain conductivity also depends on its distance from the metallic screen of the probe. As the sample is moved towards the probe along the z-axis, the detected near-field amplitude increases and produces higher enhancement factor EF. 26 For each sample, we measure the dependence of its EF on the sample-to-probe distance d. Figures 3(a) and 3(b) show the enhancement factor vs. distance diagrams for a 102 lm and 80 lm-long CMFs, respectively. The black lines and symbols denote the measured enhancement factors for both CMFs, the blue lines and symbols represent the corresponding enhancement factors extracted from the Lorentzian fits to the measured spectra, as in Fig. 2(e) .
To evaluate the CMF's conductivity, we simulate the experiment (including the sample, the substrate, and the probe) numerically using the time-domain solver of the CST Microwave Studio TM . We use hexahedral mesh cells with sizes varying from 0.1 to 10 lm. The CMF's conductivity at THz frequencies is approximated by a DC value and is varied from 10 3 to 10 8 S/m. Losses in the LDPE substrate are neglected.
In Figs. 3(a) and 3(b) , the experimental curves are plotted against numerically obtained conductivity maps. As the sample-to-probe distance increases, the influence of systematic noise becomes more noticeable, which can be seen from the error bars. Comparing the results, we conclude that the DC conductivity of the CMFs is within 1-5 Â 10 4 S/m, which is consistent with estimations based on conductive properties of graphite. 21 An alternative, and probably more intuitive, approach to estimating the conductivity of lossy dipoles consists in measuring their resonance frequency. As the conductivity decreases and the material's response deviates from perfect electric conductor, the period of resonant current oscillations becomes longer and the resonance frequency of the dipole shifts towards lower values.
Compared to the case of suspended dipole, in our experiment, the resonance for each CMF experiences an additional "red" frequency shift and almost a double increase of the enhancement factor. This is due to the presence of LDPE substrates with a dielectric permittivity sub ¼ 2:33 . 27 For perfect conductors, the resonance frequency shift can be estimated as a factor of ffiffiffiffiffiffiffiffiffi ffi
q .
In addition to the effect of the LDPE substrates, the resonance frequency of each dipole is also affected by the metallic plane of the probe. 22 Figure 3 numerically obtained conductivity map for a 80 lm CMF. The conductivity of the CMFs measured via this approach is consistent with the one estimated through enhancement factor analysis.
In these experiments, the following factors affect the accuracy of conductivity estimation. The lengths of the studied CMFs were measured with about 61 lm error, which would change the EF and the resonance frequency by $1%. CMF radii were not measured for each individual sample, but assumed to be equal to 3:5 lm as in Fig. 1(a) . It is known that the radii of the CMFs experience a 10% variation resulting in 10% and <1% error in the EF and f r , respectively. The distance between the sample and the detector d was defined with a 62 lm error. More precise definition of d can further improve the accuracy of the conductivity measurements.
In conclusion, we present an experimental method for non-contact probing of the THz conductivity of single, conductive resonant micro-particles. As a proof of concept, we measured the THz conductivity of individual CMFs by (1) measuring the degree of near-field enhancement produced by the electric dipole resonances in the near-field region around the samples, (2) and analyzing their resonance frequency and its deviation from the resonance frequency of perfectly conducting dipoles with identical geometry. The difference in the way experimental errors affect the two measured parameters, EF and f r , suggests that the two techniques of conductivity estimation are complementary to each other. We note that farfield characterization of isolated resonant micro-structures using a conventional THz time-domain spectroscopy (TDS) system is challenging. With their typical beam spot size of %1mm in diameter, an 80 lm CMF (assuming its conductivity to be 2:5 Â 10 4 S/m) would lead to a mere 1.7% intensity dip (0.88% amplitude dip) in transmitted field at the resonance frequency. The proposed near-field approach is suitable for characterizing isolated micro-scale particles with pronounced resonant absorption in the THz range and works best for materials with low DC conductivity (10 3 -10 6 S/m). In particular, it can be applied to the characterization of semiconductor or semimetallic elements of THz absorbers, resonance-based sensors, or tunable metamaterials and metasurfaces. 
